Introduction {#sec1}
============

Thrombolytic therapy or primary percutaneous coronary intervention is the most effective therapeutic intervention for patients with acute myocardial infarction and significantly reduces myocardial infarct size and mortality.[@bib1] However, the progress of myocardial reperfusion itself can induce injury to the myocardium, and such phenomenon is known as myocardial ischemia reperfusion injury (I/RI). Myocardial I/RI contributes to the final lethal myocardial infarct size and can develop into heart failure.[@bib2] Clinical treatment of myocardial I/RI is still a challenge, partly because the understanding of the mechanisms of myocardial I/RI remains to be further improved. Ischemia and reperfusion can induce cardiomyocyte necrosis and apoptosis.[@bib3] Multiple alterations occurring after reperfusion can induce cardiomyocyte apoptosis, such as a high level of intracellular ATP, calcium overload, and accumulation of free radicals in cardiac cells.[@bib4] In mammals, cell apoptosis can be initiated by the extrinsic death receptor pathway and the intrinsic mitochondrial apoptotic pathway. The mitochondrial apoptotic pathway has been recognized as playing key roles in a variety of cardiovascular disease including myocardial I/RI,[@bib5] heart failure,[@bib6] and cardiomyopathy.[@bib7], [@bib8]

Recently, long non-coding RNAs (lncRNAs), a class of non-coding RNAs that are more than 200 nt in length and possess no significant protein-coding ability, have emerged as a new layer of gene expression regulation.[@bib9] lncRNAs either negatively or positively regulate the expression of protein-coding genes through diverse modes of action. One of them is the interaction between lncRNA and microRNA, a newly defined mechanism called competing endogenous RNAs (ceRNAs).[@bib10], [@bib11] Specifically, lncRNAs can act as ceRNAs by binding microRNAs (miRNAs) through sequence complementary to reduce the availability of functional miRNAs.[@bib12], [@bib13] Moreover, both lncRNAs and miRNAs have been significantly implicated in a variety of biological functionalities and pathological processes, including cardiovascular diseases.[@bib14]

H19 is a conserved lncRNA that is transcripted from the imprinted H19-insulin growth factor 2 (IGF2) locus[@bib15], [@bib16] and is located in both the nucleus and the cytoplasm.[@bib17] As a ceRNA, scaffold, or guide, H19 has been established as a critical regulator in tumor initiation and progression.[@bib18], [@bib19] H19 was also shown to play an important role in various cardiovascular diseases such as myocardial I/RI,[@bib20], [@bib21] acute myocardial infarction,[@bib22] diabetic cardiomyopathy,[@bib23] cardiomyocyte hypertrophy,[@bib24] and calcific aortic valve disease.[@bib25] Wang et al.[@bib20] found that H19 regulates programmed necrosis and myocardial I/RI by targeting miR-103/107 and FADD. Luo et al.[@bib21] reported that the lncRNA H19/miR-675 axis regulates myocardial I/RI by targeting PPARα^s^. Besides, Zhou et al.[@bib22] found that H19 protects acute myocardial infarction through activating autophagy in mice. However, the mechanism of H19 on regulating apoptosis triggered by an intrinsic mitochondrial apoptotic pathway in myocardial I/RI is unknown. miR-877-3p, a mammalian miRNA with the mirtron origins,[@bib26] has been reported to be deregulated in type 2 diabetic kidney disease,[@bib27] osteosarcoma,[@bib28] Sjögren's syndrome,[@bib29] and bilateral renal ischemia reperfusion (I/R).[@bib30] Our pilot analysis showed that both H19 and miR-877-3p were deregulated in a mouse model of myocardial I/RI, and lncRNA H19 contains a conserved binding site of miR-877-3p (<http://regrna2.mbc.nctu.edu.tw/> and <http://starbase.sysu.edu.cn/>). Furthermore, there are two binding sites of miR-877-3p at the 3′ UTR of Bcl-2 mRNA, which plays an important role in regulating mitochondrial apoptotic pathway and apoptosis.

We therefore designed the present study to investigate the roles of H19 and miR-877-3p in a mitochondrial apoptotic pathway involved in apoptosis of myocardial I/RI. We elucidated that lncRNA H19 acted as a ceRNA of miR-877-3p to exert its anti-apoptosis effects, and Bcl-2 was the target of the miR-877-3p that mediated the effects of H19.

Results {#sec2}
=======

H19 Alleviates Cardiomyocyte Injury Induced by H~2~O~2~ and Myocardial I/RI in Mice {#sec2.1}
-----------------------------------------------------------------------------------

We found that the expression levels of H19 in hearts of I/RI mice and cardiomyocytes treated with 100 μM H~2~O~2~ were downregulated by 45.8% and 55.3% compared with controls ([Figure 1](#fig1){ref-type="fig"}A). Forced overexpression of H19 ([Figure 1](#fig1){ref-type="fig"}B) increased cell viability ([Figure 1](#fig1){ref-type="fig"}C) and decreased TUNEL-positive cells ([Figures 1](#fig1){ref-type="fig"}D and 1E) and lactate dehydrogenase (LDH) activity ([Figure 1](#fig1){ref-type="fig"}F) of 100 μM H~2~O~2~-treated cells. The small interfering RNA (siRNA) of H19 reduced H19 level when cardiomyocytes were treated with 50 μM, but not 100 μM H~2~O~2~ ([Figure 1](#fig1){ref-type="fig"}G). The siRNA of H19 decreased cell viability ([Figure 1](#fig1){ref-type="fig"}H) and increased LDH activity ([Figure 1](#fig1){ref-type="fig"}I) and TUNEL-positive cells ([Figures 1](#fig1){ref-type="fig"}J and 1K). The respective negative controls (NCs) of H19 or its siRNA had no effects on H19 expression and cardiomyocyte injury induced by H~2~O~2~.Figure 1H19 Alleviates Cardiomyocyte Injury Induced by H~2~O~2~ and Myocardial I/RI in Mice(A) The relative level of H19 expression of myocardial I/RI mice hearts and cardiomyocytes treated with 100 μM H~2~O~2~ (n = 4). The relative level of H19 expression (B, n = 4), cell viability (C, n = 3), TUNEL staining (D, n = 3), TUNEL-positive cells (E, n = 3), and LDH activity (F, n = 4) of cardiomyocytes transfected with H19 overexpression plasmids (H19) or negative control (NC) plasmids in the condition of 100 μM H~2~O~2~. (G) The relative levels of H19 expression of cardiac myocytes transfected with H19 siRNA and its NC with the treatment of 50 and 100 μM H~2~O~2~ (n = 4). Cell viability (H, n = 5), LDH activity (I, n = 4), TUNEL-positive cells (J, n = 4), TUNEL staining (K, n = 3) of cardiac myocytes transfected with H19 siRNA, and its NC in the 50 μM H~2~O~2~ condition. Data are expressed by mean ± SD. \*\*p \< 0.01, \*\*\*p \< 0.001 versus control group; ^\#^p \< 0.05, ^\#\#^p \< 0.01, ^\#\#\#^p \< 0.001 versus H~2~O~2~-treated group. The relative level of H19 expression (L, n = 8), ejection fraction (EF) (M, n = 8), fractional shortening (FS) (N, n = 8), TTC staining (O, n = 4), infarct size (%) (P, n = 4), and LDH activity (Q, n = 8) of the mice heart in different groups containing sham group (sham), myocardial I/RI group (I/RI), I/RI + Adv-H19 group: mice co-treated with myocardial I/RI operation and infection of adenovirus vectors (Adv-H19) for overexpression H19, and I/RI+Adv-NC-H19 group: mice co-treated with myocardial I/RI operation and infection of NC adenovirus vectors (Adv-NC-H19) for contrast. Data are expressed by mean ± SD. \*p \< 0.05, \*\*\*p \< 0.001 versus sham group (sham); ^\#^p \< 0.05, ^\#\#\#^p \< 0.001 versus myocardial I/RI group.

To further verify the role of H19 in myocardial I/RI in mice, we then examined the effects of H19-overexpressing adenovirus (Adv-H19) on myocardial I/RI mice. Adv-H19 effectively increased H19 expression by 2.2 ± 0.04-fold in the hearts of I/RI mice ([Figure 1](#fig1){ref-type="fig"}L). Overexpression of H19 in myocardial I/RI mice led to improved ejection fraction (EF) and fractional shortening (FS) ([Figures 1](#fig1){ref-type="fig"}M and 1N), and reduced myocardial infarct area ([Figures 1](#fig1){ref-type="fig"}O and 1P) and LDH activity ([Figure 1](#fig1){ref-type="fig"}Q).

H19 Functions as a miR-877-3p ceRNA {#sec2.2}
-----------------------------------

To get insight into the molecular mechanisms for regulation of H19 on myocardial I/RI, we analyzed the potential interacting miRNAs of H19 by using RegRNA2.0 (<http://regrna2.mbc.nctu.edu.tw/>) and starBase (<http://starbase.sysu.edu.cn/>), predicted the targets of miRNAs involved in cell apoptosis by using TargetScan (<http://www.targetscan.org/vert_72/>), and further screened the target miRNAs including miR-18a-3p, miR-92a-2-5p, miR-93-3p, miR-361-3p, miR-744-3p, and miR-877-3p according to the conservation between human and mouse species. qPCR data showed that miR-18a-3p, miR-744-3p, and miR-877-3p were the top three that are significantly upregulated in cardiomyocytes treated with H~2~O~2~ and I/RI hearts of mice ([Figure 2](#fig2){ref-type="fig"}A), and miR-877-3p is of the highest expression level (according to the cycle number of miRNAs in [Figure S1](#mmc1){ref-type="supplementary-material"}). Therefore, miR-877-3p was chosen for further study. lncRNA H19 contains a target site of miR-877-3p at the position of 1,406--1,428 ([Figure 2](#fig2){ref-type="fig"}B). We constructed two luciferase plasmids carrying the full-length (2,288 bp) H19 (Luc-H19-WT \[wild type\]) and the mutated H19 (Luc-H19-Mut) ([Figure 2](#fig2){ref-type="fig"}C). Dual-luciferase reporter gene assay showed that the relative activity of firefly luciferase of Luc-H19-WT in HEK293 cells was significantly decreased by co-transfection of miR-877-3p, whereas it did not change the luciferase activity of Luc-H19-Mut ([Figures 2](#fig2){ref-type="fig"}D and 2E).Figure 2H19 Functions as a miR-877-3p ceRNA(A) The relative levels of miRNA expression in cardiomyocytes treated with H~2~O~2~ and I/R myocardium (n = 5). \*\*p \< 0.01, \*\*\*p \< 0.001 versus control group or sham group. (B) The sequences and the position of binding site between H19 and miR-877-3p. (C) The sequences and positions of H19 containing wild type and the mutant binding site of miR-877-3p that cloned into the psiCHECK-2 luciferase reporter vector. (D) The dual-luciferase reporter assays between the wild type of H19 and miR-877-3p or AMO-miR-877-3p. (E) The dual luciferase reporter assays between the mutant luciferase plasmid of H19 and miR-877-3p or AMO-miR-877-3p (n = 3). \*\*p \< 0.01 versus control group; ^\#\#^p \< 0.01 versus Luc-H19 WT + miR-877-3p group; ^&^p \< 0.05 versus Luc-H19 WT + miR-877-3p + AMO-miR-877-3p group. (F) Relative level of miR-877-3p expression of cardiac myocytes transfected with the overexpression plasmids or siRNA of H19 and the respective NCs (n = 3). \*\*p \< 0.01, \*\*\*p \< 0.001 versus control group; ^\#\#\#^p \< 0.001 versus H19 group. (G) Relative level of miR-877-3p expression of cardiac myocytes transfected with the overexpression plasmids or siRNA of H19 and the respective NCs in the condition of H~2~O~2~ treatment (n = 3). \*\*p \< 0.01 versus control group; ^\#\#^p \< 0.01 versus H~2~O~2~-treated group; ^&&&^p \< 0.001 versus H~2~O~2~ + H19 group. Data are expressed by mean ± SD.

In addition, H19 overexpression significantly inhibited miR-877-3p expression by 45.6% and 45.9% under both physiological and H~2~O~2~ treatment conditions in neonatal mouse cardiomyocytes, respectively. When H19 was silenced, miR-877-3p expression level was dramatically increased by 1.6 ± 0.1-fold compared with control cells and by 1.9 ± 0.2-fold compared with H~2~O~2~-treated cardiomyocytes ([Figures 2](#fig2){ref-type="fig"}F and 2G). Meanwhile, the respective NCs of H19 and its siRNA had no effect on miR-877-3p expression.

miR-877-3p Exacerbates H~2~O~2~-Induced Cardiomyocyte Injury and Myocardial I/RI in Mice {#sec2.3}
----------------------------------------------------------------------------------------

We then evaluated the effects of miR-877-3p on cardiac injury. miR-877-3p was significantly upregulated in the hearts of I/RI mice and H~2~O~2~-treated cardiomyocytes ([Figure 2](#fig2){ref-type="fig"}A). miR-877-3p overexpression ([Figure 3](#fig3){ref-type="fig"}A) markedly aggravated H~2~O~2~-induced cardiomyocyte death as revealed by decreased cell viability, and increased activity of LDH and apoptotic cell death ([Figures 3](#fig3){ref-type="fig"}B--3E). In contrast, anti-miRNA-oligos (AMOs)-miR-877-3p effectively reduced miR-877-3p expression ([Figure 3](#fig3){ref-type="fig"}A) and alleviated H~2~O~2~-induced cell injury ([Figures 3](#fig3){ref-type="fig"}B--3E).Figure 3miR-877-3p Contributes to H~2~O~2~-Induced Cardiomyocyte Death(A--E) Relative level of miR-877-3p (A, n = 3), cell viability (B, n = 6), LDH activity (C, n = 3), TUNEL staining (D, n = 3), and TUNEL-positive cells (E, n = 3) in cardiac myocytes co-treated with miR-877-3p mimic, AMO-miR-877-3p, NC-miR-877-3p, or NC-AMO-miR-877-3p transfection and H~2~O~2~. \*p \< 0.05, \*\*\*p \< 0.001 versus control group (Ctl); ^\#^p \< 0.05, ^\#\#\#^p \< 0.001 versus H~2~O~2~-treated group (H~2~O~2~). Data are expressed by mean ± SD.

To better understand the role of miR-877-3p in cardiac injury, we performed the experiments in mice as illustrated in [Figure 4](#fig4){ref-type="fig"}A. Consistently, the expression of miR-877-3p in I/RI mouse hearts was significantly increased by 2.6 ± 0.2-fold compared with sham-operated mice ([Figure 4](#fig4){ref-type="fig"}B). Administration of lentivirus vectors expressing the precursors of miR-877-3p (Len-pre-miR-877-3p) increased the expression of mature miR-877-3p, and lentivirus vectors expressing AMO-miR-877-3p (Len-AMO-miR-877-3p) reduced miR-877-3p expression in mouse hearts, whereas the NC lentivirus vectors (Len-NC-pre-miR-877-3p and Len-NC-AMO-miR-877-3p) had no effects ([Figure 4](#fig4){ref-type="fig"}B). Echocardiographic assessment demonstrated significant deterioration of cardiac function in I/RI mice with Len-pre-miR-877-3p administration and improvement of cardiac function by Len-AMO-miR-877-3p application ([Figures 4](#fig4){ref-type="fig"}C and 4D). The infarct area of hearts was significantly increased in I/RI mice, which was further increased by 1.5 ± 0.1-fold upon Len-pre-miR-877-3p treatment, and markedly decreased by 26.0% in the Len-AMO-miR-877-3p-infected mice compared with myocardial I/RI mice ([Figures 4](#fig4){ref-type="fig"}E and 4F). Consistently, serum LDH in the myocardial I/RI mice was further reduced by Len-AMO-miR-877-3p, but elevated by Len-pre-miR-877-3p ([Figure 4](#fig4){ref-type="fig"}G). These data imply that miR-877-3p plays a detrimental role in myocardial I/RI.Figure 4miR-877-3p Exacerbates Myocardial I/RI in Mice(A) The schematic diagram of the experimental process for verifying the function of miR-877-3p in myocardial ischemia reperfusion injury (I/RI) mice. Normalized level of miR-877-3p expression (B, n = 8), EF (C, n = 8), FS (D, n = 8), hearts with TTC staining (E), infarct size (F, n = 3), and LDH activity (G, n = 8) of the mice in different groups containing sham group, myocardial I/RI group (I/RI), I/RI+Len-pre-miR-877-3p group, I/RI+Len-AMO-miR-877-3p group, I/RI+Len-NC-pre-miR-877-3p group, and I/RI+Len-NC-AMO-miR-877-3p group. \*p \< 0.05 versus sham group (sham); ^\#^p \< 0.05, ^\#\#^p \< 0.01, ^\#\#\#^p \< 0.001 versus myocardial I/RI group. Data are expressed by mean ± SD.

Bcl-2 Is a Downstream Target of miR-877-3p {#sec2.4}
------------------------------------------

To explore the downstream signaling mechanisms for the pro-apoptotic action of miR-877-3p in cardiomyocytes, we conducted computational analysis (TargetScan, miRanda, miRDB) to search for apoptosis-related genes. The predicted result showed that there are two binding sites of miR-877-3p at the 3′ UTR of Bcl-2 mRNA ([Figure 5](#fig5){ref-type="fig"}A). We then constructed luciferase plasmids carrying the wild-type 3′ UTR (5,088 bp) of Bcl-2 mRNA (Luc-Bcl-2-3′ UTR WT), the 3′ UTR of Bcl-2 with a single-binding-site mutation at the 599--606 position (Luc-Bcl-2-3′ UTR Mut-1), the 3′ UTR of Bcl-2 with a single-binding-site mutation at the 4,018--4,023 position (Luc-Bcl-2-3′ UTR Mut-2), and the 3′ UTR of Bcl-2 with a double-binding-site mutation at both 599--606 and 4,018--4,023 positions (Luc-Bcl-2-3′ UTR Mut-3). The specific sites of mutation are shown in [Figure 5](#fig5){ref-type="fig"}B. Dual-luciferase reporter gene assay showed that the relative activity of firefly luciferase was significantly decreased with miR-877-3p co-transfected with Luc-Bcl-2-3′ UTR WT, Luc-Bcl-2-3′ UTR Mut-1, or Luc-Bcl-2-3′ UTR Mut-2 in HEK293 cells. Each of the single-binding-site mutant constructs exhibited diminished changes, whereas the double-binding-site mutant construct almost completely wiped out the changes of luciferase activities induced by miR-877-3p ([Figures 5](#fig5){ref-type="fig"}C--5F). This indicated that miR-877-3p can act on the 3′ UTR of Bcl-2 mRNA at both binding sites. In addition, knockdown of miR-877-3p by its AMO resulted in upregulation of Bcl-2 expression at both mRNA and protein levels, whereas overexpression of miR-877-3p did the opposite ([Figures 5](#fig5){ref-type="fig"}G--5I). These data demonstrated that Bcl-2 is a downstream target of miR-877-3p.Figure 5Bcl-2 Is a Downstream Target of miR-877-3p(A) The sequences and the position of two binding sites of miR-877-3p at the 3′ UTR of Bcl-2 mRNA. (B) The sequences and positions of the Bcl-2 3′ UTR containing wild-type and the mutant binding site of miR-877-3p that cloned to the psiCHECK-2 luciferase reporter vector. (C) The dual-luciferase reporter assays between the wild-type plasmid containing the whole length of the 3ʹ UTR of Bcl-2 and miR-877-3p or AMO-miR-877-3p or NC of miR-877-3p. (D) The dual-luciferase reporter assays between the mutant luciferase plasmid 1, (E)mutant luciferase plasmid 2, and (F) mutant luciferase plasmid 3 containing the whole length of the 3′ UTR of Bcl-2 and miR-877-3p or AMO-miR-877-3p or NC of miR-877-3p. \*\*\*p \< 0.001 versus control group; ^\#\#\#^p \< 0.001 versus miR-877-3p group. (G--I) The normalized expression level of miR-877-3p (G, n = 3), Bcl-2 mRNA (H, n = 5), and protein (I, n = 3) of cardiac myocytes transfected with miR-877-3p mimics, AMO-miR-877-3p, NC-miR-877-3p, or NC-AMO-miR-877-3p. \*p \< 0.05, \*\*\*p \< 0.001 versus control group; ^\#\#\#^p \< 0.001 versus miR-877-3p group.

We further examined the action of H19 on Bcl-2, the downstream target of miR-877-3p. The H19 siRNA increased the expression of miR-877-3p and decreased Bcl-2 expression at both mRNA and protein levels in normal cardiomyocytes, which were canceled by co-administration of AMO-miR-877-3p ([Figures 6](#fig6){ref-type="fig"}A--6C). In contrast, H19 overexpression decreased the level of miR-877-3p and increased Bcl-2 mRNA and protein expression, which were canceled by miR-877-3p administration ([Figures 6](#fig6){ref-type="fig"}D--6F). These data indicated that H19 could regulate Bcl-2 expression as the ceRNA of miR-877-3p.Figure 6H19 Regulated Bcl-2 mRNA and Protein Expression through miR-877-3p(A--C) The relative levels of miR-877-3p (A, n = 3), Bcl-2 mRNA (B, n = 3), and protein (C, n = 4) of cardiomyocytes co-treated with H19 siRNA and AMO-miR-877-3p. \*\*p \< 0.01, \*\*\*p \< 0.001 versus control group; ^\#^p \< 0.05, ^\#\#^p \< 0.01 versus siRNA of H19 group (H19 siRNA). (D--F) The relative level of miR-877-3p (D, n = 3), Bcl-2 mRNA (E, n = 3), and Bcl-2 protein (F, n = 6) of cardiac myocytes co-treated with H19 overexpression plasmid and miR-877-3p. \*p \< 0.05, \*\*\*p \< 0.001 versus control group; ^\#^p \< 0.05, ^\#\#^p \< 0.01, ^\#\#\#^p \< 0.001 versus H19 group (H19).

miR-877-3p Exerts Its Function through the Bcl-2-Mediated Mitochondrial Apoptotic Pathway {#sec2.5}
-----------------------------------------------------------------------------------------

The Bcl-2 protein family determines the fate of cells to apoptosis.[@bib31] Reduction of the Bcl-2/Bax ratio can trigger cytochrome *c* (Cyt-c) release from mitochondria to activate caspase-9 and eventually activate caspase-3, an executioner of apoptotic cell death.[@bib32] We found that the Bcl-2/Bax ratio was significantly decreased at both mRNA and protein levels in cardiomyocytes treated with H~2~O~2~, which was aggravated by miR-877-3p overexpression and counteracted by AMO-miR-877-3p ([Figures 7](#fig7){ref-type="fig"}A and 7B). On the other hand, the protein level of Cyt-c in cytoplasm and the activity of caspase-9 and caspase-3 were increased in cardiomyocytes exposed to H~2~O~2~, and these deleterious alterations were reversed by AMO-miR-877-3p, but further exacerbated by miR-877-3p ([Figures 7](#fig7){ref-type="fig"}C--7E). NC-miR-877-3p and NC-AMO-miR-877-3p produced no effects.Figure 7miR-877-3p Exerts Its Function through the Bcl-2-Mediated Mitochondrial Apoptotic Pathway(A--E) The relative level of Bcl-2/Bax mRNA expression (A, n = 3), Bcl-2/Bax protein expression (B, n = 3), cytochrome *c* (Cyt-c) protein expression in cytoplasm (except Cyt-c in mitochondria) (C, n = 3), caspase-9 activity (D, n = 4), and caspase-3 activity (E, n = 4) of cardiomyocytes transfected with miR-877-3p mimic, AMO-miR-877-3p, NC-miR-877-3p, and NC-AMO-miR-877-3p in the condition of H~2~O~2~. \*\*\*p \< 0.001 versus control group; ^\#^p \< 0.05, ^\#\#^p \< 0.01, ^\#\#\#^p \< 0.001 versus H~2~O~2~-treated group. (F--J) Relative level of Bcl-2/Bax mRNA expression (F, n = 5), Bcl-2/Bax protein expression (G, n = 4), Cyt-c expression in cytoplasm (H, n = 3), caspase-9 activity (I, n = 5), and caspase-3 activity (J, n = 5) of the mice heart in different groups including sham group, myocardial I/RI group (I/RI), I/RI+Len-pre-miR-877-3p group, I/RI+Len-AMO-miR-877-3p group, I/RI+Len-NC-pre-miR-877-3p group, and Len-NC-AMO-miR-877-3p group. \*\*\*p \< 0.001 versus sham group; ^\#^p \< 0.05, ^\#\#^p \< 0.01, ^\#\#\#^p \< 0.001 versus myocardial I/RI group. Data are expressed by mean ± SD.

Then, we investigated the effect of miR-877-3p on the mitochondrial apoptotic pathway in myocardial I/RI mice. We found that the Bcl-2/Bax ratios at mRNA and protein levels were significantly decreased in the heart of I/RI mice, which were further exaggerated by Len-pre-miR-877-3p and restored by Len-AMO-miR-877-3p ([Figures 7](#fig7){ref-type="fig"}F and 7G). Concomitantly, the protein level of Cyt-c and the activity of caspase-9 and caspase-3 were remarkably increased in the heart of I/RI mice, which were further elevated by Len-pre-miR-877-3p and suppressed by Len-AMO-miR-877-3p ([Figures 7](#fig7){ref-type="fig"}H--7J). These data imply that miR-877-3p contributes to cardiomyocytes injury induced by H~2~O~2~ and myocardial I/RI via Bcl-2 and its mediated mitochondrial apoptotic pathway.

H19 Protects Ischemia and Reperfusion Heart through the miR-877-3p/Bcl-2/Mitochondrial Apoptotic Pathway {#sec2.6}
--------------------------------------------------------------------------------------------------------

We next explored whether miR-877-3p and its target Bcl-2 mediate the effects of H19. miR-877-3p level was significantly increased in I/RI hearts relative to the normal hearts, which were inhibited by the administration of Adv-H19 ([Figure 8](#fig8){ref-type="fig"}A). Adv-H19 restored the levels of Bcl-2/Bax mRNA and protein, suppressed the protein expression level of Cyt-c, and reduced the activity of caspase-9 and caspase-3 in I/RI mice ([Figures 8](#fig8){ref-type="fig"}B--8F). The above actions of Adv-H19 on miR-877-3p/Bcl-2/mitochondrial apoptotic pathway were abolished by Len-pre-miR-877-3p ([Figures 8](#fig8){ref-type="fig"}G--8L). These data indicate that H19 inhibits the mitochondrial apoptotic pathway and alleviates myocardial I/RI through acting on miR-877-3p and its target Bcl-2 sequentially.Figure 8H19 Protects I/R Heart through the miR-877-3p/Bcl-2/Mitochondrial Apoptotic Pathway(A--F) Relative level of miR-877-3p expression (A, n = 8), Bcl-2/Bax mRNA expression (B, n = 5), Bcl-2/Bax protein expression (C, n = 5), Cyt-c protein expression in cytoplasm (D, n = 3), caspase-9 activity (E, n = 5), and caspase-3 activity (F, n = 5) of mice myocardium infected with the adenovirus that can express H19 in the pathology condition of I/RI. \*p \< 0.05, \*\*\*p \< 0.001 versus sham group; ^\#^p \< 0.05, ^\#\#^p \< 0.01, ^\#\#\#^p \< 0.001 versus myocardial I/R injury group (I/RI). (G--L) The relative level of miR-877-3p (G, n = 8), Bcl-2 mRNA (H, n = 8), Bcl-2 protein (I, n = 6), Cyt-c in cytoplasm (J, n = 4), caspase-9 activity (K, n = 5), and caspase-3 activity (L, n = 5) of mice heart administered with Adv-H19 and Len-pre-miR-877-3p. \*\*\*p \< 0.001 versus control group (Ctl); ^\#\#^p \< 0.01, ^\#\#\#^p \< 0.001 versus Adv-H19 group (Adv-H19). Data are expressed by mean ± SD.

Discussion {#sec3}
==========

Our present study demonstrated that lncRNA H19 participated in regulating myocardial I/RI. We identified H19 as an anti-apoptotic lncRNA by acting as a miR-877-3p ceRNA in myocardial I/RI. We established Bcl-2 as the target of miR-877-3p, which is the downstream effector of the H19/miR-877-3p axis in cardiomyocyte mitochondrion apoptosis in the setting of myocardial I/RI. Studies have demonstrated that lncRNA plays an important role in regulation of protein-coding genes involved in cancer, neurological disease, myocardial fibrosis, myocardial hypertrophy, and myocardial I/RI.[@bib33], [@bib34], [@bib35] Wang et al.[@bib36] reported that cardiac apoptosis-related lncRNA (CARL) inhibits anoxia-induced mitochondrial fission and apoptosis in cardiomyocytes by regulating the miR-539/PHB2 pathway. In another study, the same group found that lncRNA necrosis-related factor (NRF) regulates programmed necrosis and myocardial injury during I/R by targeting miR-873.[@bib37] H19 has also been demonstrated to be involved in the pathogenesis of other cardiovascular diseases. Liu et al.[@bib24] found that the H19-miR-675 axis is a negative regulator of cardiac hypertrophy by targeting calcium-/calmodulin-dependent protein kinase type II subunit delta (CaMKIIδ). Hadji et al.[@bib25] reported that the altered DNA methylation of H19 in calcific aortic valve disease promotes mineralization by silencing NOTCH1. Besides, H19 contributes to cardiac fibroblast proliferation and fibrosis, which act in part through repression of DUSP5/ERK1/2.[@bib38] Previous studies showed that the expression of H19 can be either increased or decreased in different myocardial diseases. For instance, H19 is upregulated in pathological cardiac hypertrophy and heart failure[@bib24], [@bib39] and coronary artery disease,[@bib40], [@bib41] whereas it is downregulated in diabetic cardiomyopathy.[@bib23] Although H19 was shown to promote apoptosis in the late-stage cardiac differentiation and dilated cardiomyopathy,[@bib42] it is anti-apoptosis in diabetic cardiomyopathy.[@bib23] These data indicated that the function of H19 in different cardiac diseases may be determined by the specific pathological alterations. We found that H19 was downregulated in I/RI hearts and cardiomyocytes under oxidative stress. H19 reduced apoptosis of cardiomyocytes induced by H~2~O~2~ and alleviated the myocardial I/RI *in vivo*. These data are consistent with other research.[@bib20], [@bib21]

Like the action mode of other lncRNAs, H19 can also work as a ceRNA by the base complementation mechanism.[@bib18] Kallen et al.[@bib43] found that the imprinted H19 lncRNA can antagonize let-7. Keniry et al.[@bib44] discovered that H19 is a developmental reservoir of miR-675 that suppresses growth and insulin-like growth factor 1 receptor (Igf1r). In this study, we found that H19 contained a binding site for miR-877-3p at the position of 1,406--1,428 bp and acted as a ceRNA to limit the functional availability of miR-877-3p through sequence complementarity. It was reported that miR-877-3p can regulate the production of IL-8 and IL-1β in mesangial cells activated by secretory immunoglobulin A (IgA) from IgA nephropathy patients.[@bib45] It is associated with myofibroblast differentiation and bleomycin-induced lung fibrosis by targeting Smad7.[@bib46] Besides, upregulation of p16 by miR-877-3p inhibits the proliferation of bladder cancer.[@bib47] Our study for the first time found that miR-877-3p participated in cardiomyocyte apoptosis and myocardial I/RI. We found that miR-877-3p was significantly upregulated and aggravated cardiomyocytes injury induced by H~2~O~2~ and myocardial I/RI. We further established Bcl-2 as the target of miR-877-3p. The upregulation of miR-877-3p repressed the expression of anti-apoptotic protein Bcl-2 in myocardial I/RI mice.

Apoptosis can be initiated by the extrinsic death receptor pathway and the intrinsic mitochondrion apoptosis pathway.[@bib48], [@bib49] The later one has been confirmed to be involved in myocardial I/RI.[@bib2] Release of Cyt-c from mitochondria is a key step in the mitochondrial apoptosis pathway. In cardiac myocytes, the intrinsic apoptotic pathway was strictly controlled by expressing various members of the B cell lymphoma 2 (Bcl-2) family, including anti-apoptotic and pro-apoptotic Bcl-2 family proteins. Bax is a pro-apoptotic protein in the Bcl-2 family; it can promote permeabilization and release of Cyt-c and reactive oxygen species (ROS) over the membrane of mitochondrion. This pro-apoptotic protein is in turn activated by BH3-only proteins and is inhibited by Bcl-2.[@bib50] Once Cyt-c is released from mitochondria, it binds to apoptotic protease activating factor-1 (Apaf-1) and forms a complex that in turn activates caspase-9, leading to activation of caspase-3 and thereby apoptosis. On the other hand, it changes the symmetry of the plasma membrane and causes the nuclear pyknosis, DNA fragmentation, and cell death.[@bib51] Yu and Dong[@bib52] speculated that lncRNA H19 may protect cardiomyocytes against acute myocardial infarction (AMI) via anti-apoptosis. Zhang et al.[@bib53] hypothesized subsequently that the H19/miR-22-3p axis might be a potential signaling pathway of apoptosis in myocardial I/RI. However, more systematic research needed to be performed to provide ample evidence for their speculation. Furthermore, the mechanism of H19 on regulating apoptosis triggered by the intrinsic mitochondrial apoptotic pathway in myocardial I/RI is still unknown. For the first time, we demonstrated that H19, a ceRNA for miR-877-3p, alleviated cardiomyocyte apoptosis induced by H~2~O~2~ and myocardial I/RI by inhibiting the mitochondrial apoptosis pathway. H19 could reduce Cyt-c releasing from the mitochondria to the cytoplasm and inhibit caspase-9 and caspase-3 activation. Meanwhile, miR-877-3p participated in the myocardial ischemia injury (*in vivo*) and cardiomyocytes apoptosis induced by H~2~O~2~ (*in vitro*) through the function of its target Bcl-2 and the imbalance of Bcl-2/Bax in the intrinsic mitochondrial apoptosis pathway. miR-877-3p promoted Cyt-c release, which activated caspase-9 and caspase-3. Furthermore, we identified that the prominent actions of H19 could be canceled by miR-877-3p.

In summary, we for the first time clarified the effect of lncRNA H19 on mitochondrial apoptosis of myocardial I/RI. We demonstrated that lncRNA H19 is an anti-apoptotic molecule in myocardial I/RI by acting as a ceRNA of miR-877-3p. We found that miR-877-3p participated in cardiomyocytes apoptosis during myocardial I/RI. H19 alleviated cardiomyocyte apoptosis and myocardial I/RI via inhibiting the miR-877-3p-Bcl-2-mediated mitochondrial apoptotic pathway. Our findings provide new insights in understanding the mechanism of myocardial I/RI and offer a new strategy for intervening myocardial I/RI.

Conclusions {#sec3.1}
-----------

lncRNA H19 alleviated cardiomyocyte apoptosis and myocardial I/RI through suppressing the miR-877-3p-Bcl-2-mediated mitochondrial apoptotic pathway.

Materials and Methods {#sec4}
=====================

Mouse Model of Myocardial I/RI and Virus Vectors Delivery {#sec4.1}
---------------------------------------------------------

Healthy male C57BL/6 mice (weighing 21--25 g, 12 weeks old) were purchased from Vital River (Beijing, China). Food and water were freely accessible by the mice. All experimental procedures were performed in accordance with and approved by the Institutional Animal Care and Use Committee of the Harbin Medical University.

Mice were anesthetized by Avertin (200 mg/kg intraperitoneally \[i.p.\]; Sigma-Aldrich, USA) and ventilated with an animal ventilator. The chest was opened at the fourth intercostal space, and the heart was exposed. The left anterior descending coronary artery of the mice was ligated for 45 min with 7/0 nylon suture and then released for 24 h for reperfusion. Sham-operated mice received the same operation without ligation. For intracoronary delivery of adenovirus or lentivirus vectors, adenovirus (1 × 10^9^ titers) or lentivirus (1 × 10^8^ titers) was injected into the left ventricular cavity while the aorta artery was cross-clamped. After 3 days of adenovirus infection or 7 days of lentivirus infection, mice were subjected to myocardial I/R surgery.

Neonatal Mouse Ventricular Cells (NMVCs) Culture and Treatments {#sec4.2}
---------------------------------------------------------------

First, the isolated hearts from 1- to 3-day-old neonatal mice were cut into l.0-mm pieces and digested in 0.25% trypsin at 37°C. The cell suspension was stored at 4°C until the heart tissue was digested, followed by filtering with a 200-mesh sterile strainer. Subsequently, cells were collected by centrifugation (1,500 rpm/min for 5 min) and then cultured in DMEM (Hyclone, UT, USA) supplemented with 10% fetal bovine serum (Biological Industries, Kibbutz Beit Haemek, Israel), 100 U/mL penicillin (Beyotime, Shanghai, China), and 100 μg/mL streptomycin (Beyotime, Shanghai, China) for 1.5 h. After fibroblasts adherence, the non-adherent cells in the supernatant were replanted into cell culture dishes at a cell density of 1 × 10^6^ cells/mL. Forty-eight hours later, cells were treated with H~2~O~2~ (Tianli, Tianjin, China) to induce cardiomyocyte apoptosis or transfected with the corresponding plasmids, siRNAs, miRNA mimics, AMOs, and NCs. As shown in [Figure S2](#mmc1){ref-type="supplementary-material"}, H~2~O~2~ reduced cardiomyocyte viability in a concentration-dependent manner, and 24-h treatment with 100 μM H~2~O~2~ induced a moderate injury and was chosen for the subsequent experiments except observation of the effects of H19 in cardiomyocytes treated with H19 siRNA transfection and 50 μM H~2~O~2~ treatment.

Construction and Transfection of the Overexpression Plasmids or siRNAs {#sec4.3}
----------------------------------------------------------------------

For the experiments involving H19, the full length of H19 was amplified by PCR and was cloned into a pcDNA3.1 vector (Invitrogen, Shanghai, China). The siRNAs of H19 were synthesized by Guangzhou RiboBio (Guangzhou, China). The base sequences of siRNAs and NC were shown in [Table S1](#mmc1){ref-type="supplementary-material"}. When NMVCs were ready for transfection, H19 overexpression and NC plasmids were transfected into cardiomyocytes with Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) at a final concentration of 200 ng/mL following the manufacturer's protocols. Meanwhile, H19 siRNAs were transfected at a concentration of 100 nmol/L by using X-treme GENE siRNA Transfection Reagent (Roche, Mannheim, Germany). RNAi experiments were performed following the manufacturer's protocols.

Synthesis and Transfection of miRNA Mimics and AMOs {#sec4.4}
---------------------------------------------------

miRNA mimics and AMO of miR-877-3p (AMO-miR-877-3p) were synthesized by Guangzhou RiboBio (Guangzhou, China). Scrambled RNAs were used as NCs of miR-877-3p (NC-miR-877-3p) and AMO-miR-877-3p (NC-AMO-miR-877-3p), respectively. Transfection was accomplished by using the X-treme GENE siRNA Transfection Reagent (Roche, Mannheim, Germany). The experiments were performed following the manufacturer's protocols at a final concentration of 100 nmol/L miR-877-3p, AMO-miR-877-3p, NC-miR-877-3p, or NC-AMO-miR-877-3p. Cardiomyocytes were collected for qRT-PCR and western blot analysis 48 h after transfection.

Cell Viability Assay {#sec4.5}
--------------------

Cell viability was assessed by measuring the mitochondrial-dependent reduction of 3-(4,5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2-H-tetrazolium bromide (MTT). NMVCs were cultured in 96-well plates with 1 × 10^4^ cells/well. After corresponding treatments, NMVCs were subjected to 20 μL MTT (Sigma-Aldrich, St. Louis, MO, USA) solution (5 mg/mL) in each well and incubated at 37°C for 4 h in the dark. Then 200 μL DMSO (Fuyu, Tianjin, China) was added into each well to dissolve the formazan. The absorbance value of each well was measured by a microplate reader (BioTek, Richmond, VA, USA) at 490 nm.

TUNEL Assay {#sec4.6}
-----------

Terminal-deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) assay was performed by using the *In Situ* Cell Death Detection Kit (Roche, Mannheim, Germany) according to the manufacturer's instructions. After TUNEL staining, the nucleus was stained with DAPI (Biosharp, Hefei, China). The samples were observed under a fluorescence microscope (Olympus, Tokyo, Japan). The percentage of TUNEL-positive cells meant the ratio of TUNEL-positive cells/DAPI-positive nucleus.

Detection of LDH Activity {#sec4.7}
-------------------------

LDH activity in the supernatant of NMVCs or serum of mice was measured using a LDH detection kit (Nanjing Jiancheng, Jiangsu, China) according to the manufacturer's instructions. The absorbance value of each well was measured by a microplate reader (BioTek, Richmond, VA, USA) at 450 nm.

Quantitative Real-Time RT-PCR {#sec4.8}
-----------------------------

Total RNA samples were extracted from cardiomyocytes or myocardium using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The expression levels of H19, miRNAs including miR-18a-3p, miR-92a-2-5p, miR-93-3p, miR-361-3p, miR-744-3p, and miR-877-3p, Bcl-2, and Bax mRNA were tested by using SYBR Green I (TOYOBO, Osaka, Japan) through the ABI 7500 fast Real Time PCR system (Applied Biosystems, Foster City, CA, USA). β-Actin was used as an internal control of H19, Bcl-2, and Bax. U6 served as an internal control of miRNAs. The relative quantitative expression was determined using the 2^−ΔΔCT^ method. The primers were synthesized by Invitrogen and were listed in [Tables S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}.

Western Blot Analysis {#sec4.9}
---------------------

Total proteins were extracted from cardiomyocytes or myocardium with radio immunoprecipitation assay (RIPA) lysis buffer (Beyotime, Shanghai, China). Then, the lysates were centrifuged at 13,500 rpm/min at 4°C for 15 min. The supernatant was collected, and protein concentrations were determined by using the BCA Protein Assay Kit (Beyotime, Shanghai, China). Proteins were separated by SDS-PAGE, subsequently transferred onto the nitrocellulose membrane (Millipore, Bedford, MA, USA), and blocked by using the 5% non-fat milk at room temperature for 2 h. The membranes were incubated with the primary antibody for Bcl-2 (Cell Signaling, MA, USA), Bax (Cell Signaling, MA, USA), Cyt-c (Abcam, Cambridge, USA), and β-actin (Zhongshanjinqiao, Beijing, China) overnight at 4°C. The membranes were then conjugated with a secondary anti-rabbit or anti-mouse (LI-COR, Lincoln, NE, USA) polyclonal antibody at room temperature for 1 h in the dark. Protein expression levels were detected by the Odyssey infrared scanning system (LI-COR, Lincoln, NE, USA), and the protein bands were quantified using Odyssey 3.0 software.

Dual-Luciferase Gene Reporter Assay {#sec4.10}
-----------------------------------

For the dual-luciferase gene reporter assay between H19 and miR-877-3p, the full length of wild-type H19 was amplified by PCR, and then the PCR products were subcloned into psiCHECK-2 luciferase reporter vector (Luc-H19-WT; Promega, WI, USA). Luc-H19 mutant (Luc-H19-Mut) was also constructed, which contained a mutated H19 at the binding site of miR-877-3p (5′-AGAGGACA-3′ mutated to 5′-CACAACTC-3′). For the dual-luciferase gene reporter assay between miR-877-3p and Bcl-2, the 3′ UTR of Bcl-2 was obtained by PCR. Two critical binding sites between Bcl-2 3′ UTR and miR-877-3p were mutated from 5′-AGAGGAC-3′ to 5′-CACAACT-3′ and from 5′-TGAGGAC-3′ to 5′-AACAACT-3′. The wild-type and mutant 3′ UTR of Bcl-2 mRNAs were subcloned into the psiCHECK-2 luciferase reporter vectors. HEK293 cells were cultured in 24-well plates and transfected with the corresponding plasmids, miR-877-3p mimics, AMO-miR-877-3p, or their respective NC. Forty-eight hours later, Renilla and firefly luciferase activities were measured with the Dual-Luciferase Reporter Assay System (Roche, Mannheim, Germany) and GloMax Luminometry System (Promega, WI, USA).

Construction of the Overexpression or Downregulation Virus Vectors {#sec4.11}
------------------------------------------------------------------

The full length of H19 and its NCs were synthesized and subcloned into adenoviral vectors (Invitrogen, Shanghai, China). The vectors were packaged into viral particles in 293T cells by co-transfection with packaging-defective helper plasmids. Virus-containing supernatants were collected 48 h later, and the adenoviral titer was determined by high-content screening. The lentivirus-expressing miR-877-3p, AMO-877-3p, or their respective NCs controls were generated using PHY-310 plasmid (Hanyinbt, Shanghai, China). Lentiviruses were packed in HEK293 cells, and the lentiviral titer was determined by high-content screening. The above adenovirus and lentivirus were constructed by Invitrogen Corporation (Shanghai, China).

Detection of the Cyt-c Protein Releasing {#sec4.12}
----------------------------------------

To study the release of Cyt-c from mitochondria into the cytoplasm, we isolated cytoplasm proteins by removing mitochondria. Mitochondria were separated from cardiomyocytes or myocardium by using the Cell Mitochondria Isolation Kit (Beyotime, Shanghai, China) or the Tissue Mitochondria Isolation Kit (Beyotime, Shanghai, China). The experimental operations were in accordance with the manual provided by the company. Then the protein expression of Cyt-c in cytoplasm was detected by western blot analysis that was described in detail in [Western Blot Analysis](#sec4.9){ref-type="sec"}.

Detection of Caspase-9 and Caspase-3 Activity {#sec4.13}
---------------------------------------------

The activity of caspase-9 and caspase-3 in cardiomyocytes or myocardium was measured by the Caspase 9 Activity Assay Kit (C1158; Beyotime, Shanghai, China) and the Caspase 3 Activity Assay Kit (C1116; Beyotime, Shanghai, China), respectively. The experimental operations were in accordance with the manual provided by the company.

2, 3, 5-Triphenyl Tetrazolium Chloride (TTC) Staining {#sec4.14}
-----------------------------------------------------

In order to determine the infarct area of mice, we stained the hearts with 2.0% TTC (Solarbio, Beijing, China). In detail, the heart was rapidly excised and sliced into five slices. The slices were washed by 0.9% saline and placed into TTC solution at 37°C in the dark for 30 min. Then, photos were taken by Canon CanoScan 4400F (Canon, Tokyo Japan). Image Pro-Plus software was used to measure the percentage of infarct myocardium in cardiac slices.

Echocardiographic Measurement {#sec4.15}
-----------------------------

Transthoracic echocardiography was performed to monitor changes of the left ventricular function by using the Vevo2100 High-Resolution Imaging System (VisualSonics, Toronto, ON, Canada) equipped with a 10-MHz phased-array transducer with the M-mode recording. Ventricular parameters including EF and FS were measured and analyzed. The mice were then sacrificed, and the hearts were quickly isolated and stored in −80°C for other detection.

Statistical Analysis {#sec4.16}
--------------------

Data are presented as the mean ± SD. One-way ANOVA was performed for multiple-group analysis, and two-sided Student's t test was used to compare differences between two groups by GraphPad Prism 5.0. p \< 0.05 was considered to indicate a statistical significance.
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